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Introduction: charmonium




Discovery decades _
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Players by 1974

Q «Truly » elementary particles : fermions (leptons and quarks) and gauge
bosons .. and their interactions

S/ Strong interaction
mass = =2.3 MeV/c?
charge = 2/3
spin = 1/2 u
up
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-1/3 -1/3 0
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Precursors, theory

Nicola Cabibbo: flavour rotation 6. : the Cabibbo angle

The quarks d and s involved in weak u 0
processes are « rotated » by an angle 417

c

dcosf +ssind,

Nicola Cabibbo Couplings : ud Ggcoso, us  Ggsind,

Absence of flavor changing neutral current: GIM John liiopoulos

mechanism

uu +ddcos® 6. + sssin? 4, + (Sa + gd)|cos 0.sin 6,

"
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Precursors, theory

3 Absence of FCNC
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[ Prediction of charm quark mass from the contribution to the box diagram:
~1.5 GeV

11.201




Precursors,

d Production of pairs of quarks and
leptons in e*e” collisions

O The e*e- > qq detected via decays
to stables hadrons

o(e'e” — hadrons)
oe'e” »> u'u)

R =

= NCZin

for u,d,s quarks R=2

O Inspiration fo measure R ratio
at SPEAR/SLAC
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The November revolution _

J.J. Augustin et al., PRL 33 (1974) 1406 5000 f =~ ' T J.J. Auber et al., PRL 33 (1974) 1404
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0 .
Of a \ll decay n the Mark I FIG, 1. Cross section versus energy for (a) multi- FIG, 2, Mass spectrum showing the existence of .J.
hadron final states, (b) e*e~ final states, and (c) p*u~, Results from two spectrometer settings are plotted

dete CtOI’ #*#", and KK~ final states, The curve in (a) is the ex- showing that the peak is independent of spectrometer
pected shape of a §-function resonance folded with the currents, The run at reduced current was taken two
Gaussian energy spread of the beams and including months later than the normal run,
radiative processes, The cross sections shown in (b)

and (c) are integrated over the detector acceptance. I J‘ / q} =C é I

The total hadron cross section, (a), has been corrected
for detection efficiency.




Discovery of J/y

Number of players via e*e- e* e, ", 1,u,d,s,¢,b,t
cross-section Y

e_ e_l u-l T_I ul dl SI CI bl 1-

o(e’e” — hadrons
( — — ) — chin
o(e'e” > uu)

R =

Jhy T

O Guess on the charge ves)

O Guess on the mass ;

Q Withu,d,s R=Nc x [6/9]

ad Withuds,c R=Ncx[6/9+q.2?] 10
Nc = 3 - number of QCD colours

q.=+2/3; (cc) state "J/y" of ~3.1 GeV

+
10 T r I | I I | I I | |
1 10 10
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Quantum numbers of J/y _

O Two processes contributing to e*e" > U™y
e - e i
et /U+ et ;U+

Q If interference, then the same quantum numbers

T ® T | T 1
| £ () ¢(3095)
- -
@ _no interference |
o 1 NN T
\i O.l E— et -f
B : | -
0.0 ! ° 1 S B 1 |

3000 3090 3.095 3100 3.105
Q J/g has JPC¢ = 1-- as the photon - privilege at production and at decay !
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Q-Q- potential

O Potential energy of the QQ system
(Cornell potential):

Q(-q)
V(r) = - a_ + or r

/ AW Q(a)

short distance long distance
(colour potential) (confinement)

QO Perturbative QCD relates QQ potential to scattering amplitude via 1-gluon exchange

U Relates colour charge g and QCD coupling g A

S
g% = 4/3 g% = 4/3 41104 i pQCD g
hard
Violsted ?
Q Can be derived from QCD, but difficult bQCD
since multi-scale process 1 m )
oy ey
: : 2 E
Q Spectroscopy predictable via set 1 my TRAY E
of parameters: mg, Oy, O T Ao
L. c
V(r)=-— +or

r
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Charmonium spectroscopy: good, bad and very bad charmonia

Charmonium states (under DD threshold)

n@s) .77
hadrons hadrons
hadrons hadrons y+ radiative
JPC — 0+ 1— 0++ 1++ 1+ 9++
S,
I s, S=S,+8S,
P =(-1) L
| C — (_1) L+S
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Charmonium decays, hadronic final states

O Hadronic final states give the only possibility to simultaneously reconstruct all known
charmonia

0 Below DD threshold: strong annihilation

: 11'1
to two or three gluons depending on ﬂzr
guantum numbers JC : .

0 The ag* or as® dependence J 1//] ﬂzz

— SN i
dl/{_
i
c
1DO

3

0 Above DD threshold: decays to DD via Jc’

single gluon radiation t//(35‘)]
QO The ag? dependence ¢

I
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O The ag rapidly varies with momentum
transfer y of the interaction

O Coupling is much stronger for gy ~ m(u,d) 0.3 i
than for y ~ m(J/g) '
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Charmonium hadroproduction

O Charmonium production provides powerful tests of QCD-based models

A First clash to describe « J/y production puzzle »

d « J/y¢ production AND polarization puzzle » boosted the progress

O Recently with the n(1S) production measurement by LHCb more challenging
« J/y production AND polarization AND n_(1S) production puzzle »

[ Today more precision in conventional studies and new sources of input:
associated production, isolation, production in pPb and PbPb collisions, ...

I
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J/y hadroproduction puzzle

L Comparison of direct p; differential J/\y production cross-section
measured by CDF with Color Singlet LO (most natural) process.
O Fails both in shape and magnitude.

R. BAIER and R. RUECKL, Z. Phys C 19 (1983), 251

0 Add gluon and quark fragmentation (NLO Color Singlet processes)
L Better shape but magnitude is factor 30 too low.

E. BRAATEN, M. A. DONCHESKI, S. FLEMING and M. L. MANGANO, PLB 333 (1994), 548

10 E | I 1 I I | 1 1 I I | 1 1 I I E
F i BRU/y—u W) do(pp—J/y+X)/dp, (nb/GeV) .
I II Vs =18 TeV; | < 0.6
I E i CDF, Phys. Rev. Lett 79 (2997), 5723
F f ]
- - * LO colour-singlet i
gl - "l TP colour-singlet frag.
10 3 ’ =
; I :
2| t |
10 F -
E
10 -3 | 1 1 1 1 - ] 1 1 i- |
5 10 15
p: (GeV)

I
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J/y hadroproduction puzzle

0 Add LO Color-Octet processes from NRQCD

U LDME fitted on the same data EN 5
p 2 4
P.L. CHO and A. K. LEIBOVICH, PRD 53 (1996) 150 ai( mgQ)
Pr
10 = I 1 1 I | I 1 I 1 I I 1 I 1 B (Séé
NN BR(J/y—p W) do(pp—Jy+X)/dp, (nb/GeV) 1 +
I Vs =1.8 TeV: [n| < 0.6 ] Q
. 4 1
1 E N total = © o N as—
F A i colour-octet S +° P 3 Q Pr
- —e—e—s colour-octet - S ] Q
- LO colour- smglet
B R N RS colour-singlet frag.
10 = +35][8]
- e
- 1
B 3
I ds—
5 ;
10k
-3 i N ~ o
10 ] | I ] b 3 1
5 10 15 20 d S 5
py (GeV) Pr

O Excellent agreement when summing all contributions,
with Color-Octet terms being dominant
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Charmonium production

0 Two scales of production: _
hard process of QQ formation and hadronization of QQ at softer scales

O Factorization:

dosipn+x = 2nd0 15 0om)+x X (0" ()

— T~

Short distance: perturbative cross-sections Long distance matrix elements (LDME),
+ pdf for the production of a QQ pair non-perturbative part

Q Colour-singlet model: intermediate QE} state is colourless and has the same J"¢
quantum numbers as the final-state quarkonium

O NRQCD: all viable colours and J*¢ allowed for the intermediate QE} state, they
are adjusted in the long-distance part with a given probability.
Long-Distance Matrix Elements (LDME) from experimental data

L Universality: same LDME for prompt production and production in b-decays

O Heavy-Quark Spin-Symmetry (HQSS): links between colour-singlet (CS) and
colour-octet (CO) LDME of different quarkonium states
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Introduction: LHCb
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LHCb - single-arm forward spectro_

y | RICH counters Calorimeters
p/K/n Identification v -
5m [~ \SPD/PS HCAL
T3 RicH2  FCAL
T2
VErtex_
LOcator
—5m —
| | | | I | 1 | | I |
Sm 10m
Vertex Kinematics: PID: Trigger:
reconstruction: Magnet RICHs Muon Chambers
VELO Tracker Calorimeters Calorimeters
Calorimeters Muon Chambers Tracker

O B mesons travel about 1 cm




Heavy flavor production with LHC detecfor'_

O Complementary cross-section cms
measurements and overlap in rapidity et e o

LHCh s

1l .=
TEANEEET 1 l-"\ I ‘. '.."‘l ‘.ly \ ) -
HeRSCHel HeRSCHel = L
10 -8 6 4 -2 0 2 a 6 8 10 . =" T i
mm AU

n O Key detector systems
for production measurements:
vertex reconstruction, particle

-” -3 : identification (Muon detector,
CMS+TOTEM charged hadron ID), Trigger
—— W
~ +— "

A muon stem
hadron PID

mssssss HCAL

s ECAL
tracking
lumi counters
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LHCb operation
O LHCb collected data corresponding to JLdt > 9 fb-!

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

. d Stable LHCb operation
S OO / :
S I // O Running at up to L~4x1032 cm-2s-!
7] E - 2012 (4.0 TeV): 2.08 /b
L ST / (higher, than nominal, 2x10%2 cm-2s)
3 6 ;_ ......... s s ey . )
5 E , 4 in auto-leveling mode
g =
g 4 f— l/ Instantaneous Luminosity Updated: 12:01:44
o 3; LS1 2000
R ATLAS
:g 1% L 15007 MS
- 0:_2010 2011 2012 2013 2014 2015 2016 2017 2018 % 1000
Year g
LHCb luminosity levelling & — -
LHCD - oo s
(design) o 02:00 04:00 06:00 08:00 10:00 12:00
— ATIAS — AUCE — CMS — LHCb

O Visual average number of vertices is higher, y~1.4, compared to nominal 4 =0.4
O Higher g > higher track multiplicity, 1 PV gives 30 tracks/rapidity range,
more difficult reconstruction
- background for D and B decay vertex reconstruction and matching

<min. distance> between 4 PVs ~12 mm, comparable to <B travel distance> ~10 mm
22



Complementary collision data

A Collision data at LHCb P P
Q pp collisions Isan=7,8,13 TeV p Pb
Q pPb collisions /sy =5.02,816 TeV ——> <
Q PbPb collisions /sy =5 TeV Pb Pb

O Short XeXe run in 2017

LHCb SMOG: System for Measuring Overlap with Gas
d Inject He, Ne, Ar into VELO at ~2x10-7 mbar
O Designed to measure beam profile JINST 9 (2014) P12005

Q Data taking in fixed-target mode
fSNN - 69, 110 GeV

—
j=)
[\¢]

| mIII|II|'|]_.I\IIH|'|'| IIHI|T|] IIIIIIIII

Beam Energy

—_
o

2500 GeV
4000 GeV
B 6500 Gev

pNe pHe pAr pAr PbAr pHe pHe pNe pNe PbNe
2015 | 2016 | 2017 | 2018

I
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Vertex reconstruction in LHCb: VErtex LOcator
JINST 8 (2013) PO8002, JINST 9 (2014) PO9007

B [ 88 semi-circular microstrip Si sensors

B (1 Double-sided, R and ¢ layout

@8 0 300um thick n-on-n sensors, strip pitches
from 40 to 120um

O First active strip at 8mm from beam axis

cross section at y=0

L O T T
|% |_| 1R | Pl

S THEDN \f
jewol N interaction re gion ‘

0 Excellent spatial resolution, down to 4um = &= "
for single tracks New J. Phys. 15 (2013) 053021

rad

.. 2 o Tagged mixed
Q Precise impact parameter measurement, = Tagge -
_ = - o Tagged unmixed
Orp = 116 + 23.4/pT [um] E 400k N4 y —— Fit mixed
O Precise primary vertex reconstruction, £ [ P Fit unmixed
0,y = 13um, o, = 69um for vertex of 25 tracks
_ s 200
[ Excellent proper time resolution '
A Vertex resolution allows to resolve fast N .
(x~27) B,B, oscillations 0 l 2 3 4

decay time [ps]
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Charged hadron ID in LHCb: Cherenkov light detectors
d 2 Ring Imaging Cherenkov Detectors

[ Charged hadron ID, charmless 2b b-hadron decays
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JHEP 10 (2012) 037
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Charmonium production in pp collisions _
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J/y production at Vs = 13 TeV

O Prompt J/y production and production in b-hadron decays
extracted from the fit to pseudo-lifetime distribution

Excellent mass resolution to
suppress combinatorial background

x10°
2 Jw=> utu LHCb
v HH Vs =13 TeV. L, =3.05 pb’l
10 3<y<35

2< pT < 3GeV/e

Candidates per 5 MeV/c?

8
6
4

llllllllll]llllllllllll

AR A AN 4'.-‘0%':'. e,
2950 3000 3050 3100

A VN I A A Vs
3150 3200
T\ c2
My [MeV/c?]

t,

(:,;/,'f. — :p\') X J[-f/?.:"

P=
o
o
P 5 —e— Data LHCb
110 Total fit =_ 12 S = Bl
= E ‘ | Vs=13TeV.L_ ,=3.05pb
= [ —J/y-from-b 3% 3<y<35
s : : : F<P<3.}
2.10% - [ Promptlly % 2<p_<3GeVic
o E [EEia8 Wrong PV % T
L E ) Background :?*
= g %
- 107 E F
= b S
2 f &
< 10° : <4
< &
ey K 5 Jvar
10 PR TT] ﬁ 3 xgs:
XN
15 [

3

A0 & 6 =4

o
+—
(=)}
o0
o
o

1
(RS

0

t, [ps]
Excellent vertex resolution to
disentangle prompt production and
production in b-decays

O Production cross-section, integrated over acceptance :

o(prompt J/i, pr < 14GeV/e, 2.0 <
o(Jib-from-b, py < 14 GeV/e, 2.0 <

y<45) = 15.03%0.03£0.94 ub
y<4.5) = 2254001 x0.14ub

Q bb cross-section, integrated over 4 :

o(pp — bbX) = 4954+ 2+ 52 ub

JHEP 1510 (2015) 172
JHEP 1705 (2017) 063

Vs = 13 TeV, jLdt ~ 3 pb
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J/y production at Vs = 13 TeV

QO The J/y production measured at Vs = 13 TeV and compared JHEP 1510 (2015) 172
to that at Vs = 8 TeV and theory JHEP 1705 (2017) 063
: Vs = 13 TeV, fLdt ~ 3 pbt
aFre =t -
rompt . 5 [ o i o ]
pr'oduc1'lon B | {5 =13 TeV/{s =8 TeV cross-section ratio ]
"U L -
e M
~ | ]
Y 4t ]
1 - —
- —$— LHCbD -
- — NrQep Shao et al. .
ol JHEP 1505 (2015) 103 -

37—

O Production :E—' [ T T )
in b-decays T | B
© 3F o
Tt <
S r o~
& oL
I
[+ LHCD Cacciari, Mangano, Nason
- EEIFONLL gyp phys.J. €75 (2015) 610
0 M R R |

0 | 5 10
p (J/ @) [GeV/e]

O Perfect (good) theory-experiment agreement for prompt (b-decay) production



W(2S) production at 7 and 13 TeV

O Negligible feed-down compared to J/y

O Prompt (pp collision vertex) w(2S) production and
production in b-decays

O Double differential cross-sections from two-dimensional fit in bins of prandy
O Prompt and b-decay components are extracted from (-3-.,-'.‘{25') - -'-'-P\-") X My(as)

arXiv:1908.03099
Vs = 7,13 TeV, [Ldt ~ 614, 275 pb-!

—

the fit to pseudo-lifetime distribution : D,
(| - L) 1 | T 1 T L 1 1 T Ll T I L L) L) L] 1 T T T T 1 ¥ »] 1 L) T L 1 L) 1 1 T 1 T L] T Ll
< 5000 - s xrs T o, . ; /
S [ LHCb ys=13TeV S<p <6GeViey IOSE LHCD Vs =13 TeV <p,=6GeVic ;
) - 1 < - ]
= 4000 |- 275 pb™! 25<y<3.0 7 = 10°F 275 pb™! 25<y<30 ¢
= [ prompt ¢(2S) 1 2 F -
. 3000 @(2S) from b 4 3 10F E
L = - 3] = .
Q. - - 5~ 2
- = 10~ .|
2 15000 = A5 = E
& 29F combinatorial A& = ]
2 fbgrd i 1 S
2 1000F vertex £ Z §
= - confusion SR . | g }
o Z Co.n| . kR, gz 8 Al
3600 3650 3700 3750 3800 -10 -5 0 5 10
)
m,.,- [MeV/c] I [ps]

=
»

= 0.471 £ 0.001 (stat) £ 0.025 (syst) ub,

O Integral cross
sections:

o(prompt 1(25). 7 TeV)
o((25)-from-b, 7 TeV)

= (0.126 £ 0.001 (stat) & 0.008 (syst) ub.

o(prompt (2S5), 13 TeV)
(25)-from-b, 13 TeV)

oY

= 1.430 & 0.005 (stat) £ 0.099 (syst) ub,
= 0.426 & 0.002 (stat) = 0.030 (syst) ub.
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w(2S) production at 7 and 13 TeV _

O Prompt @(2S) production and production in b-hadron arXiv:1908.03099
decays Vs = 7,13 TeV, jLdt ~ 614, 275 pb-!
Q Differential cross sec‘rlons
= E £ ! L VR A P B | - = n L | T ]
5 E'__._ —+— prompt ¥ (2S) 3 ; 102 r“l —+— v (2S)-from-b -
S I I rocD 1 & PP ] FoNLL :
s 0F > Shao e'r al. 4 B L Caccuam Greco, Nason
5 = 2 J HEP 05 (2015) 103 A Lk - JHEP 05 (1998) 007 -
ar L 1 & 1k -
T ok 41 = F :
© E E O - Ry ]
e E LHCD Vs =13 TeV | = [ LHCb Vs=13 TeV /’\‘;c i
i 275 pb! i 275 pb! *2\&*%
2 O 2 e et et 1 1E y > S —
— 20<y<45 T E 20<y<45 T
. E ol R T (R R P ‘)\Sﬁ
5 10 15 2 5 10 15 20
p_ [GeVic] p,[GeV/c]
10 7 T . .
E o —+— prompt ¥/ (2S) - —+— v (2S)-from-b

NRQCD ] FonLL

10°

t,.
X
Portee)
»
e

10

1

10

L1 lllllll

do/dp_ [nb/(GeV/e)]
do/dp_[nb/(GeV/c)]

i S vinl povonl vl

T llllllll T llllllll T ).:{?llll
K

T lll"n'l T llllllll T llll”Tl

L LHCD s=7TeV 1= LHCb {s=7TeV g
614 pb_l = 614 pb—l Q“E
20<y<45 | 20<y<45 i
-1 1 1 1 L 1 1 I 1 L 1 -1 1 | 1 1 1 1 | 1
= 5 10 10 5 10 ‘
p. [GeVic] p. [GeVic]

O Overall good agreement with predictions, with deviation at low py for prompt y(2S)
0 New measurement at 7 TeV supersedes earlier result based on smaller event sample 31.



U O

W(2S) production at 7 and 13 TeV

arXiv:1908.03099
Uncertainties partly cancel in ratios Vs =7,13 TeV, Ldt ~ 614, 275 pb-!

5 05 T I
0.45F LHCD Vs=13 TeV

Ratio between the y(2S) and J/y production 5 04 20<y<45 — S
cross-sections i s S

0.05 > C Shao et al.
B T THeP 05 (2015) 103

5 10

p_[GeV/

o
—_—

: . e 3.5 I T T Y T T
Ratio between the y(2S) production cross- - LHCb 5= 13 TeV

sections at Vs = 13 and 7 TeV 20<y<45

g

=——f— Prompt
NRQCD
1 l L 1

5 10

Overall good description for both ratios

1111[11111111111111[-‘)_'1&-0‘“11111111

IIII'IIIIIII!IIIlllllllllllllll(l

Important to extend theory prediction to 3
lower p+

P, [GeV/

o
—
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n.(1S) production

O Four LDMEs describing J/y production and polarization
Q Linked to LDMEs describing n(1S) production

Q First n(1S) prompt production measurement at 7, 8 TeV: LHCb EPJc 75 (2015) 311
using n(1S) - pp

Bu’renschoen He Knlehl arXiv: 1411 5287

Rl
S~
\\ £

do/dp{pp-m+X) [nb/GeV]
do/dp(pp—m #X) [nb/GeV)

dol/dp(pp—m+X) INb/GeV]

do/dp(pp—m +X) [nb/GeV]

A PRL 108 (2012) 172002 L PRL 108- (2012) z4zoo4 | PRL 110 2013) 042002 JPRL 113 (2014) 022001
0 F s-8Tev -, 10 F s-8Tev - 10 FG-srev oolva 10 F ys-8Tev E
ofF LDMEs Butenschbn elal ) 3 -2} LDMEs Chao etal. = 2f LDMEs Gong etal. ............. _ 2_ LDMEs Bomvln elal ) ~
o 4_ 6 8 10 12 14 16 18 ;0 = 4 6 8 10 12 14 16 18 20 = : 6 8 10 12 14 16' 18 20 L 4 6 8 10 12 14 16 18 ;0

p; [GeV] p; [GeV] p; [GeV] p; [GeV]

O Results described by €S NLO, below expected CO contribution
O New impressive progress in theory description, integrating LHCb result in LDME

calculations:
d Han, Ma, Meng, Shao, Chao PRrL 114 (2015) 092005
Q Zhang, Sun, Sang, Li PRL 114 (2015) 092006
O Baranov. Lipatov EPJC 79 (2019) 621

O Theory description still covers limited p range
O Further tests with measurements at different /s and of other linked observables

Charmonia @m UCAS/IHEP - Beijing, 08.11.2019 33



n.(1S) production

. . LHCb-PAPER-2019-024
O New analysis with 13 TeV data, measurement Js = 13 TeV, [Ldt ~ 2 bl

relative to J/y

O Selection (as analysis at 7, 8 TeV) or pseudo proper-time fit (as J/y analyses)
Q Pseudo proper-time to separate PV

: _hadron 20— 2. )M -
prompt charmonium and b-no » t, = (21 = 2) My
. e T T | )"!
charmonium from b-decays z, Z4 z P-
3 Account for the cross feed
" prompt-enriched b-hadron-enriched
i 25 1 LHCb'pr'elimin&r'y § 900 € | HCh preliminary
- 5= 13 TeV o 800U 5= 13 TeV
= ) = T
: : 6000
% 15 L; 5000
E g 4000
E : S 3000
L L

2000
TN

= | |
Charmonia @ QN IANY UCAS/IHEP - Beijing, 08.11.2019 34



n.(1S) production

. . LHCb-PAPER-2019-024
O New analysis with 13 TeV data, measurement Js = 13 TeV, [Ldt ~ 2 b1

relative to J/y

O Selection (as analysis at 7, 8 TeV) or pseudo proper-time fit (as J/y analyses)
[ Pseudo proper-time to separate PV

: _hadron 2q — 2p) M 5
prompt charmonium and b-ha — (2a = 2) My
—————————————————— > z N
: D
charmonium from b-decays z, z4 z &
2 qpf /v data LHCb preliminary &, qoef T 7 data LHCb preliminary
— — J/u-‘ fit ~— — ) fit
? 10° (-] J/» prompt ‘:‘ 10° 0] ne prompt
S 100 b— JWX £ 10t b— 1 X
'_'g .0 J/y wrong PV —:‘- . ne wrong PV |
O ey iVl ~ .
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LHCb-PAPER-2019-024
Vs = 13 TeV, JLdt ~ 2 b

O New analysis with 13 TeV data, measurement
relative to J/y

O Selection (as analysis at 7, 8 TeV) or pseudo proper-time fit (as J/y analyses)

 Pseudo proper-time to separate
prompt charmonium and
charmonium from b-decays

(za — 2p) My
Pz

o| £ 45 1 r
S|
=== 4E LHCDb preliminary
g 2 355 Vs=13TeV
S| 3E 20<y<45
25 =
. -
- 035 E
15 0a = LHCb preliminary =
1 “E /s=13TeV E
05 0lF 20<y <45 =
n n " " " n n n n n C__ " | " " " 1 " " " | " 1
0 8 10 12 14 0 8 10 12 14
pr [GeV] pr | GeV ]

O Both techniques yield consistent results
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O First measurement of n(1S) production cross section
=1.26+0.11 £+ 0.08 £ 0.14 ub

at 13 TeV

n.(1S) production

LHCb-PAPER-2019-024

Vs =13 TeV, jLdt ~ 2 fb'!

(011

4

6.5 GeV<pr<14.0 GeV, 2.0<y<4.5
13 TeV

[ Color Single model prediction: Feng,Shao,Lansberg,Zhang,Usachov,He NPB 945 (2019) 114662

+0.83 +0.38
1.562049 scate —017 cT1ianro Hb

d Consistent with being described o 18 ' ' ]
by CSM =~ LOF L Heb preliminary .
. , : l4F  65<p.<14GeV/c
0 Important to improve (in particular, 3 20 <y e ds :
theory) precision ‘1 = E
E Iy 5
. 0.8F o 3
Q Vs cross-section dependence 06k } { E
04 S— ® —f
- ® ]
0.2F E
[ Inclusive production in b-decays: 05 e o -
_ 5 /s, TeV
Bh—-q X — (.) 01 +£0.3 ’-stuf < i ()-.-)stsf =4 (R Tnm‘m) x 107
[ Consistent and more precise than the previous result
LHCD
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n.(1S) production

LHCb-PAPER-2019-024

QO Integral cross-section consistent with being described Vs =13 TeV, jLdt ~ 2 fb!

by CSM
d pr-differential prompt production

= B z s N ; 10° E | T r E
= "? 4E- LHCb preliminary : _i & - .
B - 20<y<45 3 = i
Sl O3 = B (5 E
25F — 3 = [ #n ]
o 1 ERCI S A 2
15 %/ [ 4 £ 10F » E
1E E = = LHCb preliminary ]
05 =3 slope: 0.22 + 0.11 E f Vs=13TeV .
~E E - 20<y<4.5 .
0 S I 1 I RPN SR B
8 10 12 14 8 10 12 14
PT [ (_1‘(’\-' PT { (_1‘:(‘\"]

O Anindication of CO contribution at large p; ?

I
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n.(1S) production

O Integral cross-section consistent with being

LHCb-PAPER-2019-024
Vs =13 TeV, Ldt ~ 2 fb!

described by CSM S 10% e
2 JH'2013 set 1
Q JH'2013 set 2
O p;-differential prompt production < e s
g <y(ne) <4.
B i
. . . @ 10? i 3
Calculations in LHCb bins by Hua-Sheng Shao
— T T T T T T T
Z 103 _ f
:j 10 E %'l‘his measurement E . .
} B e (-_'Ull.ll.ll‘-.‘wiljj_’,li.‘t model
= I " Feng et al., ]
. S NPB 945 (2019) 113662
2 - {: . yo0 Leteate it ettt r
-~ ] 7 8 9 10 11 12 13 14
< 10° = — Pr (N.) [GeV]
b_ - . ;103 L A LA BB A BN N BLLE B
i~ . - > JH'2013 set 1
- LHCb preliminary 1 ¢ 2013 set2
/s =13TeV ) § 2<y(n) <45
B n 'g 102 -
| | | f | | f
6 8 10 12 14 e
pr | GeV | . —t—
O Precision is critical
[ Next step is to constrain scale uncertainty

100

7 8 9 10 1 12 13 14

p(n)(GeV] 39



n.(2S) (—pp) prompt production at /s=13 TeV
EPJC 77 (2017) 609, PLB 769 (2017) 305
[ LHCb measured n(2S) production in b-hadron decays

B(b = ne(25)X) x B(1.(2S) = ¢¢) = (6.34 + 1.81 + 0.57 £ 1.89) x 1077

B(B* — 1.(25)K*) x B(1.(2S) — pp) = (3.47 £ 0.72 £ 0.20 £ 0.16), x 107

Lansberg, Shao, Zhang

Q Similar to J/y and n(1S), but feed-down 5 PLB 786 (2018) 342
] ¢4 2 0
free system: y(2S) and n(2S) o a0« |
0 Motivated by theory calculations Z 10° CO@LO - 1
% 10% | ﬂ.{:‘-'-l“;-u COGNLO = 1
O Dedicated LHCb trigger in 2018 = SN
& 10 2.0<y(n’,)<d.5 \{- e
5 10"} IH(E;;?-EEGGEVJ H‘"‘“; - B
Ll St .
2 M- . M.
9103 1 cs
R 2V w7 7
E:I 1k ATty = S =
1 T N
0 =
% 2f g
0 To be described simultaneously S L DN
with ¢(2S) production LA
0 10 20 30

Pr(ne) [GeV]
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Playing phenomenology with charmonium states

f 1
r

41



Simultaneous study of J/y and n(1S) production in b-decays

O From EpP3c 75 (2015) 311 and chin. Phys. €40 (2016)

B(b — n:(18)%=*X)
B( b—s .]"/(‘ X di‘rect_\' )

= 0.691 4+ 0.090 £+ 0.024 + ().U)BBR

Q Relation between LDME from HQSS:

(OF(*S0)) = g(”f"’ (*Sy))
7 - 1 JRb /3 ~
(OF(*50)) = 5(05" (*s1))

(OF(351)) = (05" (*50)).

d Branching fractions calculated in Beneke, Maltoni, Rothstein PRD 59 (1999) 054003

I
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Simultaneous study of J/y and n(1S) production in _

Usachov, Shao et al.

Shao et al., PRL 114 (2015) 092005
Baranov. Lipatov, EPJC 79 (2019) 621

Q Fix CS LDME from po’ren’rial model Butenschoen, Kniehl, PRD 84 (2011) 051501
(OKSI/HI} (35'1)> = 1.16 GeV? E ooz
O Fit three LDME to two measurements & \
B(b a— 7](7( 1AS')direCt‘\') B(b N J/t,-?d'frect‘xv) ok
 direct v~ : o8 001
B(b — J/u X) OW( o [GeV3]
O Consecutively fix remaining LDME from Chao et 30 -
al., PRL 108 (2012) 242004 % "t . 6
[ Theory calculations should be revisited, higher ‘
order corrections maybe needed oof :

0

1 i i 1 Pa—
_0'%.01 0 0.01 0.02

0J/Y(3s,) [Gev?




Simultaneous study of J/y and n(1S) producti_

Shao et al., PRL 114 (2015) 092005 Ay
Baranov. Lipatov, EPIC 79 (2019) 621 s BX
Butenschoen, Kniehl, PRD 84 (2011) 051501 .
QO Simultaneous fits to J/y and n(1S) 25 oof A ‘
. I 2
LDMEs, prompt and b-decay production .+

O Short distance coefficients for prompt 0% 50
production from H.-S. Shao

Sl
=
2
=
B

2, L
38 | ¢
= oo '
_U'] B - E
Se
o ol ' 4
2
-0.01
- 0
a A A " i a " a A A A 1 a a
0055 0 0.01 0.02
I/ 3 3
Og (°S,) [GeV]
0.03
I [
8 - 8
o i
E oozl
~ B I 5
D‘G
R i
5« 001 4
° 1 +
. 2
l}_
— M i " 1 i i i i i M " " 1 i
0.0 0 D.01 0.02

0J%(3s,) [Gev?]




Simultaneous study of inclusive b-decays to y, states

Usachov,Kou,SB, LAL-17-051
O From EPJC 77 (2017) 609 and Chin. Phys. C40 (2016) 100001:

B(b — vt X) = (2.74 + 0.47 £ 0.23 + 0.945) x 1073
B(b — v @t X) = (2.49 + 0.59 + 0.23 + 0.895) x 1073
B(b — Yo%t X) = (0.89 + 0.20 + 0.07 + 0.365) x 1072

Q Relation between LDME from HQSS: 0; = < . (31“0)) /m?Z,
t\ — < \ n )>

(O P,>> 3: (2/+1)()1.

(OF7(°S1)) = (2J + 1)O0s.

O Branching fractions calculated in
Beneke, Maltoni, Rothstein, PRD 59 (1999) 054003

Ox ! (x*)

©0.02F i
- /J 20
0.01 - // 15
O Fit two LDME to three measurements i g NN,
O Important to revisit theory AR @ I5
calculations g opbe T
O,

LHCD
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What do we learn from this phenomenology game

O This technique constrains theory using simultaneously results on
charmonia hadroproduction and on charmonia from b-inclusive decays
under assumptions of factorization, universality and HQSS, with
different charmonium states

O Alternatively, once hadroproduction and production in b-decays measured
for charmonium states with linked LDMEs,
the above assumptions can be tested quantitatively

I
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Intermezzo:

selected results on production of Y(nS) states

47



Y(nS) production in pPb collisions

JHEP 11 (2018) 194
\/SNN = 8.16 TeV,deT ~7.6 nb_l

O Double differential cross-sections d?c/dpdy for Y(1S) and Y(2S), integral
for Y(3S)

O Nuclear modification R enhanced at low p+
O Agreement with HELAC-Onia predictions at high p+

o P o L B A B e I L R T

=ik 1 ek —+—])Pb J E —+—[)Pb E

}'“Qf: '25_ LHCD EPPS16 1k LHCb EPPS16 ‘

o nCTEQI5 3 [ nCTEQI5 1

Evas) 1 EYE2s)

— —

o.s}:%"‘%“'*’_" e o :::") """

Q Suppression factor 0.6 IS L | ]
2 0.4F 15<p%<40 1 F ++ [.5<y*<4.0

R(T(nS)) = [320/jpTiy }(1]:( g)) 0.2F F\_8 16 TeV $ + F\_S 16 TeV
Coovovo v by v o by vy o by v by v v 1 Eea oy | O SN SN AN TN T SN SN AN U T T S AN SO S N

[d*o/dprdy] (Y(15)) 0050 s 0 25y s 10 s 25

p. [GeV/c] P, [GeV/c]

I
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Y(nS) production in pPb collisions

THEP 11 (2018) 194
\/SNN = 8.16 TeV,ﬂ.dT ~7.6 nb_l

D e e e L B
2 S18F LHCb +LHCb 4 FLHCb +LHCH -
g %1'65_ 2c0m0vers El Ecomovers E
~ 8l4F 4 F =
& 12} 1k 3

3 1 EY@ESIY(S) ;

0.4F p,<25GeVie 7 [ P <25 GeVle

A F816Tev :.|...|...|F866
—4 —2 O 2 4 —4 -2 0 2 4

O Suppression of n > 1 states in agreement with predictions and previous
measurements

[ Stronger suppression at low py
R(Y(nS))ppbipoy

R(T (1))
O Enhanced suppression of Y(3S) in pPb compared to pp at negative rapidity

T(nS)/T(1S)
(pPb|Pbp)/pp —

A Nuclear modification of suppression factor R

[ All three Y(nS) states suppressed with sequential suppression ordering
Raa (Y(1S)) > Raa (Y(25)) > Raa (Y(35))

UCAS/IHEP - Beijing, 08.11.2019 49

Charmonia @ m



Y(nS) production at 13 TeV

JHEP 07 (2018) 134
Vs = 13 TeV, JLdt ~ 277 pb!

d’c/(dp_dy)xB [pb/(GeV/c)]
=
3
++hllj.I
++th
rJ
#
< |
~~
f—t
o
S’ |
.
I
@)
o
| ul

Tmh—rn'!mmﬂmﬁ—rrmq—

) +Ll i
'
HII'b
< |
~~
N
N |
A
=
3

= 20<y<45

. 10 +_::!:-I-:'_ |
O Clean signals from Y(nS)—pu decays - 20<y<25 D I
- o 2(5) <y< :2 _"_:'-::—'_g

&0 — T ] — DR, —
2 - n 4+ Daa 1 —+-35<y<40 -
> 5 : A -1 1 4.0< y <45 —
5 [ (5=13TevV —— Total fit - 10 T ! ]
E 60000 [~ 3 — Signals ] —
o s i T
Q L Background s 10° g ® E
S i ] |
% 40000 = 0<p <30GeV/c _| o
o I :
e il
=
g -
U -

20000 4+ 20<y<25 ++

—-25<y<3.0 P =
30<y<35 —
—+-35<y<40
40<y<45 -

1

T

o
IL

3

M(ut) [MeV/e?]

dy)xB [pb/(GeV/c)] d*c/(dp_dy)xB [pb/(GeV/c)]

QO Assume no polarization 10 —————

O Integral cross-sections of Y(1S), Y(2S) and ffﬂi:: . Y(3S) wney
Y(3S) in the LHCb fiducial region O < p; < 15 GeV/c, 10g +1+:1*# E
20<y45: 4687 £ 10 £ 294 pb :_ 0y <ns ++;f_t:_,,__ ) :

1134+ 6+ 71 pb 3L ' 2o i oI

E 30<y<3. = =

1% 4% 36 pb T L TR0 —

O Double differential cross-sections ! 10 p:(%/‘(&g)) (GeVie]

d?g/dp;dy x BR(Y(nS)—
a/dprdy x BR(Y(nS)—pu) UCAS/IHEP - Beijing, 08.11.2019 50



Y(nS) production at 13 TeV
JHEP 07 (2018) 134

O pr-differential cross-sections Js = 13 TeV, fLdt ~ 277 pb-!
2 . .
d?0/dprdy x BR(Y(nS)—pu) O Ratio of cross sections: 13 and 8 TeV
% T T ' T I f ' T T [ T ' T T § T T T T T T T T ¥ T T T B B
> 10° L X0 =~ | #20<y<25
> f PR = [ Fas<y<so  Y(S)  LHO
g - _ 3.0<y<35 T
% %— —a - 5 +35<y<4.0 I
E ;:_—v— = % i 40<y<45 i
X 10 E
8 - — -
5 i +105) I +++J|F+J,.ﬁL =, =t
° 3 + I'(2S) NRQCD: Feng et al. Wﬁ%ﬂﬁ*;ﬂ* 4=t
: 4+ Y (3S) Chin.Phys.C39 (2015) 1231 i T
R T e T T T R |
p(X)[GeV/c] p(Y(1S)) [GeV/c]

O Cross-section ratios between Y(nS) states O Growths with prand y for all states

el T T T T [ T T T [
2 F20<y<45 .
S Y © LHCb
+ Y(28)/ 7 (1S) .
—+ rasyras) e e
+++ | )
02 be —=—u—""" __—= [ Suppression of n>1 states at low p
L 1 8 No significant dependence ony
e | Q@ Increasing suppression of higher states:
ob— indication of melting in pp collisions ?
0 5 10

p(T) [GeV/c] 51



Y(nS) production

[ Other phenomena typically thought only to occur in collisions of large nuclei
have been observed in high multiplicity pp collisions: a near-side ridge in two-
particle angular correlations, strangeness enhancement, and collective flow

CMS collab., JHEP 09 (2010) 091
ALICE collab., Nature Phys. 13 (2017) 535
CMS collab., PLB 765 (2017) 193

[ High-multiplicity pp collisions plausibly emulate a hadronic environment that
approaches heavy ion collisions in many respects

I
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Probing charmonium-like states
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Multiplicity dependent production of x.,(3872) and w(2S)

O One of the explanations of x.1(3872) is a hadronic LHCb-CONF-2019-005
. . ~ . . = ~ -1
molecule, a state consisting of D and D bound via pion Vs =8 TeV, JLdf ~2 fb
exchange e
> 10000 (25)" LHCb Preliminary
O Then small binding energy, = E wes), PP is=8TeV
- $F 3872
0.01+0.27 MeV, — Fuf Aﬁxcl‘ )
and large radius ~7 fm =" 7000 | £t *
2 so0of o fhiM HH*%‘H*MMH
S.Coito, 6.Rupp, E.van Beveren, EPJC 73 (2013) 2351 = . y i #
N.A.Torngvist, PLB 590 (2004) 209 5 5000F- e A
E.Braaten, M.Kusunoki, PRD 71 (2005) 074005 - , ™ e
M.Cardoso, G.Rupp, E.van Beveren, EPJC 75 (2015) 26 40005_ A
3000F- . s NS
20005;,,—#".; o ' X1(3872)
1000 L L b b L
3650 3700 3750 3800 3850 3900 3950
2
Myner (MeV/c?)

[ Distinguish prompt and b-decay components using pseudo proper-time
O Measure ratios, x.1(3872) and y(2S), for prompt and b-decay components

.. - ) ~ S | e e 3 - '\VAII.{\._ =
(/\ <1"{\'-: L;.\" 1 ..},\‘ )I —> ,‘?' I b . '\-\.ﬂ";‘l--' 'fl'r"””" _A,_‘_D\‘:
O u(o) Blu(2S) - JWntn N r (25) g R0
A [ \ ] _\ {28 ‘,;'f"ll.[d X -[l.; (&
LHCD
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Multiplicity dependent production of x.,(3872) and w(2S)
O Simultaneous fit to mass and pseudo proper-time in bins of event activity
O Example of fit projections for y(2S) in the event activity bin 60 < N < 80

<, 1400 LHCb Preliminary ) 10 LHCD Preliminary
= pp (s=8TeV Q  Epp (s=8TeV
% N ﬁ — Total fit
E D 10F “ Prompt signal
2 I 1,;.3 J Background
— g F 60 < NY=L0 < 80
w - I | p.> 5 GeVic
) C itk T
= T
—— L
-
L
l L1 L I L L 1 .I. [11 l 1 1 1 |. 1 L -- i i i Yt il
3640 3660 3680 3700 3720 > 0 05 1 15 2 25
M, p— (MeV/c?) t, (ps)

O Large efficiency ratio due to a difference in energy release
~Teco / ~Teco _ () (})
“(28)/ “xe1(3872) — VY=

Q Kinematic distribution from measured ¢(2S) distributions at 7 and 13 TeV,
reweighted for x_.,(3872) using the scaling factor

Pt — Mt = \/l’% L (‘\[fm(:zsrz) - ‘”3(25))
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Multiplicity dependent production of x.,(3872) and w(2S)

d The pr'omp’r fraction decreases g :_LHCb Preliminary pp Vs =8 TeV
as the event activity increases, & 1; + X (3872)
for both x.4(3872) and y(25) —+ c1
0o 4 + y(29)
T
-
0.8_—
B ——
B —!—H
0.7 +i—¢— +
- .
0.6— p, >S5 GeVic
B R R R R T VR T R PO TV T
[ Possible reasons: NVELO

tracks

Q Larger average multiplicity of events with bb due to their fragmentation
into hadrons and subsequent decays - larger b-decay component in
events with high multiplicity

O Suppression of prompt x.4(3872) and y(25S) production via interactions
with other particles produced at the vertex - reduced prompt production
in high multiplicity events, production in b decays not affected
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Multiplicity dependent production of x.,(3872) and w(2S)

O Ratio of cross-sections, x.,(3872) and y(2S), for prompt and b-decay
production

. ] LHCDb Preliminary

= 012 pp Vs =8 TeV

=

Y + M —+ Prompt

1 =+ b decays

S)
o
O :
™
T[T T T[T T T[T T T TTT [T
:
+

Oy(2s)
o
o
(o8]
_| I T I |
|

O, 3872) BR(x (3872)= Jly )
2

P, > 5 GeVic

II|IIIIIII|IIIIIII|IIlIIIIlII
20 40 60 80 100 120 140 160

o
o

1 I Ll 1
180 200
VELO
racks

[ Evidence for relative x.(3872) suppression for high-multiplicity events

1 Expected in a scenario of interactions with co-moving hadrons dissociating
large weakly bound x.,(3872) against compact y(25)

[ Cross-check: production in b-decays

LHCD
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Central Exclusive Production of HF
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Central Exclusive Production

0 QCD tests with clean theoretical O CEP: large rapidity gap

interpretation -LHCb - HeRSChel
d Only CS production

Q Sensitivity with cross-sections in the LHCb
coverage down to x ~ 1.5 x 10-

Single diffraction

p‘
g (gap) ‘

y(nS) \Double diffraction
(gap)

Y
!

Y

Pomeron

. CEP elastic
D (gap-(gap)
CEP inelaski
(gap)
Elastic scattering
‘ (gap) ‘

-15 10 _5pseu90rap|5dity 1)0 15
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Central Exclusive Production of J/y and y(2S) at 13 T

0 Herschel detector increases rapidity gap in forward region ~JHEP 10 (2018) 167
-80<n<-15,50<«n<8.0 Js=13 TeV, [Ldt ~0.2 fb!

O Dedicated CEP trigger

O Exclusivity: precisely two forward muons;
weamesen N0 backward tracks; no activity in SPD
et (< 10 hits). Quantify with pr spectrum.

Station B2 hole radius hole radius
atz=-114.0m 47mm 61 mm

Station B1
atz=-19.7m

Station BO
atz=-75m

Station F1
atz=200m

4 0.1 - ! 4 T T T T T T T T
g 009 — | | 'LHCb z O b (13 Tew)
5 0-085— Selected = . ;cmlﬁt N
=2 E ——— CEP-enriched dimuons S 100 onresonant backgroun
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Central Exclusive Production of J/¢ and y(2S)

Signal shape JHEP 10 (2018) 167
[s=13 TeV, Ldt ~0.2 fb-!

QO Estimated from Superchic using exp(- b pt?)

QO Slope b estimated from HERA data,
agreement to the fit of LHCb data
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Inelastic backgrounds

0 One/two protons dissociate(s) or
additional gluon radiations.
Extra particles are undetected.

O P+ shape estimated from data, cross
checked with PYTHIA, LPAIR
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J/y and @(2S) differential cross-sections
JHEP 10 (2018) 167

O Differential cross-sections compared to theory predictions [s=13 TeV, [Ldt ~0.2 fb-!
— YT —22F — - —
o] = = = 3
S 8E + £ 2E E
8, . = 1.8 =
> TE P2 0 E
T °F S Lap
S OF s 12F
olz 4F 3 gz lE I I

3E 3 0.8F E

B [CEdnwrro Jones, Martin,Ryskin, Teubner 0.6 [J»®TLO =

“E  ElnrTNLO JHEP 1311 (2013) 085 0.4F [EEMRTNLO =

IE ——wo 51y J Phys.6 41 (2014) 055009 0.2F — LHCL(E=13TeV) E

JAy rapidity Y (2S) rapidity

O Integrated cross-sections times O ppsptp— (2.0 < mpe - < 4.5) = 407 £8+ 24+ 16 pb
branching fractions Tp28) st (2.0 < e - <45) = 94£09+0.640.4 pb

[ Good agreement with NLO predictions
O Confirms a hint of NLO importance from the analysis at 7 TeV
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Photo-production cross-section
JHEP 10 (2018) 167

O The cross-section for the CEP of vector mesons in pp collisions [s=13 TeV, [Ldt ~0.2 fb-!
is related to the photo-production cross-section:
) dn . dn )
(Tpp—>pz;'p e /(I‘ —)]'.+ (T“p—wp(” ) 'JF ’(U —)l"——n—‘j,p—:.aj'p(” —)
(llu'_+_ (/A'._
p
v Y
CEP Gap Photon Photoproduction "
LHCb Jhy survival flux HERA, fixed target
¢Sy Jones, Martin,Ryskin, Teubner, JHEP 1311 (2013) 085, 1239
) J.Phys.G 41 (2014) 055009, and update P
. . o100« @By ] 1 = ,[ T T T T
O Compilation of photo- S meer 1 S'F LHCb preliminary
production cross-section = [ % i - 2
a Fixed target experiments
measurements SR e é
10 E
O H1 measured power-law: N g Ve
Oyps379p(W) = 81(W/90 GeV)OS7 nb e e
10? | I | IIIII103 | IIII”IOQ I I III”I103
W (GeV) W (GeV)

[ Good agreement between LHCb results at 7 and 13 TeV

O J/y photo-production cross-section: deviation from a pure power-law extrapolation of
HERA data: agreement to theory prediction
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Summary

O Thanks to excellent LHC and LHCb operation, many
important results on charmonium production

O The ultimate dream is a comprehensive model
capable to provide a simultaneous description of
observables for all measured states and production
sources in the entire p; range

S, (3s72) BR(x_(3872)= J/y " 1)

BR(y(2S)— Jiy n" )
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O Theory/experiment agreement made great
progress since Tevatron days

O Prompt charmonium production still puzzle

O Specific processes (e.g. CEP) allow a clean

intferpretation

O Clear need to improve precision for both theory
AND experiment

O Charmonium production in heavy ion collisions
remain largely unexplored.

O Still much to be leant at LHC




